We discuss how the amplifier characteristics can be improved.
One of the major hurdles which scientists confront in the growing area of solid state quantum information systems is the relatively high noise temperature of commercial amplifiers in the microwave domain [1] based on high electron mobility transistors (HEMTs), which have a noise temperature above 2 K. In order to overcome this pressing problem several lownoise amplification schemes have been utilized, such as the use of rf-SETs [2, 3] , dc-SQUIDs [4] [5] [6] , nanoSQUIDs [7] and flux qubits [8] . In addition, amplification schemes which employ large unshunted Josephson tunnel junctions [9] [10] [11] [12] [13] [14] have appeared recently very promising, especially two main device variations, namely the degenerate parametric amplifier [15] [16] [17] and the non-degenerate parametric amplifier [18, 19] .
Both parametric amplifiers, the degenerate and the non-degenerate, can be operated in either phase sensitive amplification mode where they amplify only one quadrature of the microwave field without adding noise to the processed signal, or in phase preserving amplification mode where they amplify both quadratures of the microwave field at the expense of adding at least a noise equivalent to a half input photon at the signal frequency [18, 20] . However, only the non-degenerate amplifier has the advantage of a full pump-signal separation in the phase preserving mode.
In a previous work by our group Bergeal et al. [18] have demonstrated a proof of principle device based on Josephson junctions and coplanar waveguide resonators which performs a full non-degenerate three-wave mixing amplification of microwave signals. The device was named the Josephson parametric converter (JPC) in order to emphasize its unique frequency conversion property compared to other degenerate amplifiers. As a preamplifier preceding the HEMT, the JPC had two important characteristics: it achieved gains in excess of 40 dB and operated near the quantum limit. In the present work we report new results of a practical and well controlled Josephson amplifier (J-amp) based on the JPC, which is suitable for qubit readout. To that end, the main advantage of the present device is that it attains a high gain-bandwidth product ( √ GB) of 0.1 GHz, where G is the power gain of the device and B is the 3 dB bandwidth at gain G. While a 20 dB of gain is required in order to beat the noise floor of the following amplifier, a large bandwidth of the order of 10
MHz is essential in order to process input signals on a time scale less than 100 ns.
The J-amp consists of two half-wave microstrip resonators denoted as signal (S) and idler (I) which intersect at an rf-current anti-node of the resonators where a Josephson ring modulator (JRM) is incorporated. The latter element consists of four Josephson junctions arranged in a Wheatstone bridge configuration with half a flux quantum threading the ring (see Fig. 1 ). Both S and I are the differential eigenmodes of the JRM system [19, 21] . The two resonators supporting these modes shown in Fig. 1 When operated as an amplifier, the device mixes two incoming low intensity fields, i.e.
the signal and the idler having frequencies f S and f I , with an intense microwave field called pump (P) having a frequency f P = f S + f I and applied using the common mode of the JRM.
The measurements presented in this paper were carried out in a cryogen-free dilution fridge at 30 mK. The experimental scheme used is similar to that employed in previous experiments [18] . It consists of five lines, two for each of the idler and the signal modes serving as input and output, where both input and output lines are connected to the sample through a cryogenic circulator at base temperature. The fifth line carries the pump signal P. The input lines include cryogenic attenuators at the 4 K stage and base, while the output lines include base temperature circulators, a cryogenic HEMT amplifier at the 4 K stage and an additional amplification stage at room temperature. A small magnetic coil positioned on top of the sample mount was used to flux bias the JRM loop at the amplification working point ϕ ≃ ϕ 0 /2, where ϕ 0 = /2e. Note that both P and I in the present design are fed to the resonator of the J-amp via a 180 degree hybrid as shown in Fig. 1 (a) , and not through direct capacitive coupling to the JRM as in Ref. [18] . This new method simplifies the design considerably as it cancels the need of an on-chip wire cross-over.
The J-amp sample was fabricated on a 300 µm thick silicon chip having a resistivity larger The interplay between G and B of the device is shown in Fig. 3 . According to Jamp theory [19, 21] , in the limit of large gains (G ≫ 1) the amplification bandwidth (corresponding to the −3 dB points below the maximum) varies with the device gain as Moreover, by measuring the improvement in the signal to noise ratio of the system due to the presence of the J-amp and the noise temperature of the output lines, we are able to set an upper limit on the amount of noise added by the J-amp to the input which was found to be 1 ± 0.5 photon at the signal frequency.
Another important figure of merit of the device is the 1 dB compression point, i.e. the maximum signal power at the input of the device, denoted as P max , at which the gain of the device drops by 1 dB below G 0 (the gain of the device for a vanishing input power). In model [19, 21] .
The theoretical bound on the maximum signal power of the J-amp derived in Ref.
[21] Fig. 4 as a black curve, where ω S and ω P are the angular frequencies of the signal and the pump,
) ≃ 0.03−0.04 is the participation ratio of the device [19, 21] , where L J is the effective Josephson junction inductance at the working point given by L J = √ 2ϕ 0 /I 0 and L S,I is the effective inductance of the S and I resonators, γ P /2π ≃ 0.9 GHz is the residence rate of photons at ω P and Z 0 = 50 Ω is the characteristic impedance of the feedline.
By comparing the dashed green line and the solid black or red curves, we see that in the low gain limit both theory and simulation curves show a good agreement with the data.
However, in the high gain limit the slope of the decrease in P max as a function of G 0 becomes larger than ∼ −1 dB/dB predicted by theory or ∼ −1.3 dB/dB given by simulation. An important key to understanding this discrepancy is the behavior of the gain in the vicinity of P max . Steep drops in the gain similar to the ones seen in Fig. 4 suggest that the device enters a chaotic regime at P max due to nonlinear processes taking place in the Josephson junctions which are not accounted for in the simplified ideal theoretical expression or in the simulation. Other devices, where the pQ product was increased at the expense of the gain-bandwidth product, exhibited a qualitatively different behavior near P max . In these devices, the drop in gain is gradual and the gain curves are in full agreement with theory and simulation.
It is worthwhile noting that P max which can be processed by the present device at 19 dB of gain is −125 dBm, which corresponds to 5 photons at the signal frequency times the amplifier dynamic bandwidth. Thus, allowing for qubit state readout which is performed, in general, using one photon on average in the readout cavity with a bandwidth of 20 MHz [22] . In order to enhance the P max figure of the device while maintaining the current values for G, ω and B, I 0 should be increased according to the theoretical expression. However, such increase in I 0 implies decreasing L S,I and increasing the resonator and coupling capacitance in order to keep p, ω and Q constant. Consequently, these constraints set an upper limit on I 0 which can be utilized with the present design of microstrip resonators. Increasing I 0 by a factor of 3.3 (I 0 = 10 µA) for instance, would increase P max by 10 dB, but would also require decreasing the characteristic impedance to 15 Ω. In that case, it might be beneficial to replace the transmission-line resonators with planar capacitors and semi-lumped inductors [6, 11] .
The numerous practical properties of this ultra-low added noise amplifier makes it suitable for the purpose of quantum nondemolition readout of superconducting qubits [23] which in turn leads to observation of quantum jumps [24] and quantum feedback. 
